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In their natural environment, bacteria often behave differently than they do under laboratory conditions. To gain insight into
the physiology of bacteria in situ, dedicated approaches are required to monitor their adaptations and specific behaviors under
environmental conditions. Optical microscopy is crucial for the observation of fundamental characteristics of bacteria, such as
cell shape, size, and marker gene expression. Here, fluidic force microscopy (FluidFM) was exploited to isolate optically selected
bacteria for subsequent identification and characterization. In this study, bacteriochlorophyll-producing bacteria, which can be
visualized due to their characteristic fluorescence in the infrared range, were isolated from leaf washes. Bacterial communities
from the phyllosphere were investigated because they harbor genes indicative of aerobic anoxygenic photosynthesis. Our data
show that different species of Methylobacterium express their photosystem in planta, and they show a distinct pattern of bacteri-
ochlorophyll production under laboratory conditions that is dependent on supplied carbon sources.

The phyllosphere, or the above-ground parts of plants, is re-
sponsible for terrestrial photosynthesis and carbon dioxide

fixation. It represents a large habitat that is colonized by a variety
of different microorganisms, mostly bacteria that belong to a few
predominant phyla (1). The phyllosphere provides a challenging
environment for bacterial growth due to UV irradiation, drought
stress, temperature fluctuations, and nutrient limitation. How-
ever, bacteria have evolved different strategies to overcome these
challenges (1). For example, pigmentation reduces damage to
DNA caused by irradiation. Nutrient limitation is countered by
the expression of uptake systems for various carbohydrates in var-
ious bacteria and by the ability to use methanol as a carbon source,
which requires dedicated one-carbon compound biochemistry, in
more specialized methylotrophic bacteria (2, 3). Another strategy
to counteract nutrient limitation might be to supplement energy
production by using sunlight. Oxygenic and anoxygenic pho-
totrophic bacteria are considered rare in the phyllosphere, in con-
trast to aquatic environments (4). However, it was recently shown
that a substantial portion of phyllosphere bacteria harbor genes of
aerobic anoxygenic phototrophs (AAnPs) (5). AAnPs cannot
grow exclusively via photosynthesis but are dependent on organic
carbon (6). They possess a single type of reaction center that con-
tains bacteriochlorophyll a (BChl a), which exhibits an absorption
in the infrared (IR) range (6). This fluorescence in the infrared
(IR) range can be detected by epifluorescence microscopy, allow-
ing the identification of anoxygenic phototrophs (7, 8). Known
members of the AAnPs belong to the Proteobacteria and comprise
a significant fraction of marine (9, 10) and freshwater (11, 12)
microbial communities, where they play an important role in the
cycling of organic and inorganic carbon (13–15). AAnPs have
been described in terrestrial systems (16–19), but their role in
terrestrial carbon cycling is not well studied. As mentioned above,
leaf surfaces were investigated as a terrestrial habitat for AAnPs by
mining metagenomic data for genes related to photosynthesis (5).
It was shown that bacterial phyllosphere communities of different
plants harbor specific genes, such as bchY, which encodes a sub-

unit of the chlorophyllide oxidoreductase important for bacteri-
ochlorophyll production, and pufLM, which encode the two core
subunits of the photosynthesis reaction center. Microscopic anal-
yses of bacteria washed from the phyllosphere further supported
this finding by demonstrating the presence of bacteria exhibiting
IR fluorescence (5). For a better understanding of the physiolog-
ical process of aerobic anoxygenic phototrophy and its regulation,
cultures of the organisms are required to obtain information that
cannot be obtained by genomic information alone. The identifi-
cation and characterization of the responsible organisms necessi-
tates an approach by which one can optically identify the bacteri-
ochlorophyll-expressing bacteria by their specific fluorescence in
the IR range and subsequently isolate the targeted bacterium for
clonal growth.

Several methods have been established to physically separate
selected individual cells. A widely used method relies on fluores-
cence-activated cell sorting (FACS), which allows the high-
throughput and rapid delivery of cells into tubes or microwell
plates (20, 21). Although versatile, the method has not been shown
to effectively sort cells with weak IR autofluorescence signals. Ad-
ditionally, different cell shapes and sizes make it difficult to stan-
dardize sorting processes to obtain individual cells from complex
mixtures. Other methods for isolating single bacterial cells under
optical control include microfluidic devices that can be assisted by
manipulation techniques such as optical tweezers (22; applied,
e.g., in studies described in references 23, 24, and 25), electrode-
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based dielectrophoresis (DEP) (26), and optoelectronic tweezers
(27); however, such approaches are not suitable for extracting cells
directly from liquid and require additional steps for physical sep-
aration of target cells. They have, for instance, been successfully
used in combination with PCR, and target cells are lysed within
the compartments offered by the microfluidic set-up. A technique
that allows direct extraction and transfer of target cells from a
liquid sample is the use of micropipettes (28–31). Although te-
dious, micropipette systems have been used for physical separa-
tion of target cells prior to single-cell PCR (32–34).

In this study, we exploited the potential of the recently in-
vented fluidic force microscope (FluidFM) (35) for single-cell iso-
lation. This technology combines the force-controlled positioning
of an atomic force microscope (AFM) with nanofluidics. The
standardized microchanneled AFM cantilevers used for FluidFM
have a defined opening and are fixed on a drilled probe holder,
thus making it possible to use the cantilever as a force-controlled
nanosyringe for gentle contact as well as for liquid manipulation
(suction and dispensing). FluidFM is operated on top of an in-
verted optical microscope and enables the use of optical identifi-
cation and epifluorescence (Fig. 1a). It was previously shown that
chosen microorganisms adsorbed on a glass surface in liquid can
be attached to the cantilever aperture by application of underpres-
sure, moved, and released onto another defined position on the
same surface by application of a short overpressure pulse (36).
Here we demonstrate that this protocol can be extended to isolate

bacteria from environmental samples. The bacteria can be lifted
from liquid, transferred through air, and placed in the growth
medium of choice for clonal growth and identification. After the
feasibility of the method was demonstrated, bacteriochlorophyll-
producing bacteria washed from leaf surfaces were isolated to
identify bacteria that produce anoxygenic photosystems in situ.

MATERIALS AND METHODS
FluidFM technology and microchanneled cantilevers. FluidFM experi-
ments were carried out using the FluidFM system, which consists of an
AFM head, a hollow cantilever, a drilled probe holder, and a pressure
controller (Cytosurge AG, Zurich, Switzerland, and Nanosurf AG, Liestal,
Switzerland) as described by Potthoff et al. (37). The tipless hollow canti-
levers (Cytosurge AG, Zurich, Switzerland) were made of silicon nitride
(channel dimensions: length, 150 �m; height, 0.5 �m; width, 24 �m;
diameter of circular aperture, 8 �m). The cantilever was subjected to
plasma cleaning (plasma cleaner PDC-32G; Harrick Plasma, Ithaca, NY)
for 2 min prior to use and were subsequently coated with 0.1 mg/ml of the
grafter copolymer poly(L-lysine)-g-poly(ethylene glycol) [PLL(20)g(3.5)-
PEG(2)] (Surface Solutions, Zurich, Switzerland) in 100 mM phosphate
buffer for 1 h, as described previously (37, 38).

Isolation procedure. White clover (Trifolium repens) plants grown
outside were collected, and 20 trifoliates were sonicated for 5 min in 30 ml
of 100 mM phosphate buffer pH 7.0 (8.66 g Na2HPO4, 6.08 g NaH2PO4 ·
2H2O per liter). Part of the bacterial suspension thus obtained (0.5 ml)
was then diluted with 7 ml of buffer in glass-bottom dishes (WillCo Wells,
Amsterdam, Netherlands) that were subsequently placed on the stage of
an inverted microscope (Zeiss AxioObserver D1). No actively swimming

FIG 1 (a) Schematic principle of the FluidFM technology displaying the hollow cantilever mounted on the AFM probe holder. The microchannel of the
cantilever is connected to a pressure controller via a tubing system. (Adapted from reference 63 [copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany].) (b to g) Schematic drawings of the isolation procedure showing the cantilever at different stages of the spatial manipulation procedure.
(For photographs of the cantilever tip and procedure, see Fig. S1 in the supplemental material.)
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bacteria were observed after the bacteria had been allowed to sediment
onto the glass surface for 1 h. The FluidFM equipped with a coated can-
tilever was placed onto the stage, and the probe was inserted into the
liquid. Bacteria were optically chosen and sucked to the cantilever aper-
ture, which was placed closely above a bacterium, by applying 50 kPa
pressure. As soon as a bacterium was thus immobilized on the cantilever,
the latter was removed from the liquid, and the probe holder and cantile-
ver chip were dried with tissue paper. The WillCo dish containing the
bacterial suspension was replaced with another dish containing a sterile cover
glass of approximately 5 by 5 mm onto which a 4-�l droplet of buffer was
deposited. The very end of the cantilever was then optically targeted into
the side of the droplet a few hundred nanometers above the surface, and
pressure was applied to release the bacterium from the probe. The bacte-
rium was optically tracked throughout the process. The glass slide with the
droplet containing the bacterium was then transferred into a sterile tube
containing 2 ml of liquid medium. The entire protocol, from optical tar-
geting to release, took about 5 to 8 min per bacterium. The same probe was
used for isolation experiments during 6 to 8 h.

Bacterial culture conditions. Isolated bacteria were grown in 2 ml
liquid R2A in 15-ml tubes for up to 14 days at 28°C with 100 rpm. After
this incubation time, a few microliters of the broth culture was streaked
onto R2A agar (BD Biosciences). Agar plates were incubated at 28°C until
the colonies were sufficiently large to perform colony PCR.

Methanol and succinate minimal media were prepared as described
before (39). Propanediol medium was produced similarly to the methanol
medium, but 5 ml/liter of propane-1,2-diol was added instead of metha-
nol.

To detect fluorescence intensity after growth on different media, cells
were grown in a day/night cycle of 8 h of light (200 �E/m2s) at 25°C and 16
h of dark at 22°C. Infrared fluorescence at the single-cell level was assessed
after 4 h of light on the fourth day.

Identification by 16S rRNA and determination of photosynthesis
genes. The universal primers 27F (5=-AGAGTTTGATCCTGGCTCAG-
3=) and 1492R (5=-GGTTACCTTGTTACGACTT-3=) were used to am-
plify 16S rRNA genes (40), and the previously described primers pufL67F
(5=-TTCGACTTYTGGRTNGGNCC-3=) and pufM781R (5=-CCAKSGT
CCAGCGCCAGAANA-3=) were used to amplify pufLM genes (41). The
alternative puf gene primers pufLM_N97_for (5=-CTKTTCGACTTCTG
GGTSG-3=) and pufLM_N97_rev (5=-CCCATSGTCCAGCGCCAGA-3=)
were used to validate the absence of pufLM genes if no amplification could
be achieved with the first primer pair (pufL67F/pufM781R) (42). To de-
tect bchY genes, the universal primers bchY_fwd (5=-CCNCARACNATG
TGYCCNGCNTTYGG-3=) and bchY_rev (5=-GGRTCNRCNGGRAANA
TYTCNCC-3=) were used (43). After gel isolation (NucleoSpin [gel and
PCR cleanup]; Macherey-Nagel, Düren, Germany), PCR products were
ligated into pGEM-T Easy vector (Promega, Fitchburg, WI). A clone was
picked for plasmid purification (NucleoSpin [plasmid]; Macherey-Nagel)
and was subjected to sequencing using standard primers T7 or SP6 (Mi-
crosynth AG, Switzerland). Isolates were then identified by an NCBI
BLAST search.

Phylogenetic analyses were performed using the phylogeny.fr server
(44). Briefly, multiple alignments were generated using MUSCLE (45)
with default parameters and curated using Gblocks (46). Phylogeny was
determined using the maximum-likelihood method PhyML (47), with the
approximate likelihood ratio test for branch support estimation (48).
Trees were drawn using TreeDyn (49). Trees were exported to Adobe
Illustrator, and highly similar sequences (�99.5% sequence identity) were
merged into a single node.

To generate the 16S rRNA gene tree, a sequence of more than 1,000 bp
beginning in a conserved region after primer 27F (AAGTCCCG) and
starting at approximately base pair 1050 (which corresponds to nucleo-
tides A21 to G1036 for Methylobacterium extorquens AM1) was used. For
the PufL tree, translated sequences from amino acid F30 to the stop
codon, a length of 245 amino acids in M. extorquens AM1, was used. 16S
rRNA reference sequences were downloaded from NCBI GenBank.

Microscopy and image analysis. A Zeiss AxioObserver D1 micro-
scope equipped with a Plan-Neofluar 40�/0.6 LD objective was used to
optically track the FluidFM cantilever. The highest intensity setting of an
EXFO X-Cite series 120Q illumination system was used for fluorescence
imaging. For IR epifluorescence observations and determination, we used
a custom filter setup: an excitation filter of 320 to 650 nm (BG39; Schott),
a 650-nm dichroic mirror (650 dichroic longpass, extended reflection
including the UV DCXRU; Chroma), and an emission filter of �850 nm
(RG850; Schott) (50). Exposure times of 1,000 ms with a 2-fold gain were
used for infrared fluorescence. Images were taken with an AxioCam MRm
and the software Zeiss AxioVision 4.8.2. The fluorescence intensities of
cells on different media were determined using ImageJ software. The max-
imal intensities of several representative single bacteria were determined
by plotting the profile of a longitudinal line through the bacteria. The
background was subtracted. Heat maps of the fluorescence of bacteria on
different growth media were constructed based on fluorescence intensity
values using the function heatmap.2 from the R package gplots. Standard
settings were used.

RESULTS
Establishment of an isolation protocol for single bacteria using
FluidFM. To explore and establish FluidFM for single-bacterium
isolation, different parameters were tested and optimized to en-
sure efficient isolation of a wide range of randomly chosen bacte-
ria from environmental samples. Cantilevers with an aperture di-
ameter of 8 �m were used; however, instead of cantilevers with a
default channel height of 1 �m, as used in previous studies (36, 37,
51), cantilevers with a channel height of only 0.5 �m were used,
because they ensured that the targeted bacteria remained confined
at the aperture, where they could be easily spotted, and were not
sucked into the channel of the probe. Plasma cleaning and coating
the cantilever with PLL-g-PEG reduced the chance that a bacte-
rium would irreversibly bind to the cantilever (38). For spatial
manipulations (Fig. 1), the cantilever’s aperture was positioned
above the selected bacterium using the x-y movement of the mi-
croscopic stage, the cantilever was moved down, and the bacte-
rium was sucked onto the aperture by applying underpressure
using a pressure controller connected via a tubing system to the
cantilever through a drilled probe holder (see Materials and Meth-
ods). Thereby, an underpressure of 50 kPa ensured that the bac-
teria remained attached at the cantilever aperture while leaving the
sample liquid and were transferred through air. After lifting of the
cell from the sample and spatial manipulation, the bacterium was
released.

Different substrates for placing the selected bacteria were
tested. Depositing the bacteria directly on thin agar layers clogged
the cantilever after a few transferred bacteria, probably due to
binding of the agar to the cantilever. Although placing them di-
rectly on glass was possible, it was more practical to release the
bacteria into preformed droplets on glass slides (Fig. 1). Subse-
quently, the droplet containing the bacterium was transferred into
liquid medium as described in Materials and Methods, and the
cantilever could immediately be reused to pick up another cell.

Bacterial contamination might arise from two potential
sources during manipulation: first, during cantilever transfer to
the target droplet, unwanted bacteria might stick to the outside of
the cantilever surface and not be seen with the optical microscope
(note that the cantilever itself was sterile due to the plasma clean-
ing procedure); second, contamination might occur from the air.
To minimize contamination, only the very end of the cantilever
was inserted into the target droplet (see Fig. S1 in the supplemen-
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tal material), which minimized the risk of unwanted transfer of
bacteria from the bacterial suspension, because only the optically
observed part of the cantilever was in contact with the liquid of the
target droplet. In addition, the transfer was performed within an
incubator hood, minimizing airflow during manipulation; also,
bacterial suspensions and target substrates were covered with ster-
ile petri dishes whenever they were not being subjected to manip-
ulation. To examine potential contamination, mock isolations
were performed similarly to real transfer events, except that un-
derpressure was applied without a bacterium being targeted and
fixed to the cantilever opening. A total of 125 such mock transfers
resulted in contamination in three cases. Although it is desirable
to decrease this rate in the future, it was considered sufficiently low
compared to the number of manipulation events carried out.

Isolation and identification of phyllosphere bacteria. To
demonstrate that FluidFM technology can be used to isolate bac-
teria, we first used clover leaf washes and randomly selected indi-
vidual bacteria for subsequent isolation of liquid R2A medium
(52). R2A medium was used to cultivate the bacteria, because a
wide range of bacteria are able to multiply in this medium and it is
commonly used to isolate various bacteria from environmental
samples. Notably, from a total of more than 100 bacterial transfers
to growth medium, about two-thirds of the isolates obtained from
leaf samples grew to visible turbidity within 2 weeks. Subse-
quently, these bacteria were streaked on R2A agar, and all isolates
that had demonstrated turbidity also grew on the solidified me-
dium. Nutrient broth (NB) was also tested for cultivation of the
isolated bacteria, and a recovery rate similar to that achieved with
the R2A medium was obtained, further proving that a high recov-

ery rate was possible with the described method. This high per-
centage of cultivable bacteria with individual isolation in separate
compartments was in contrast to plating of dilution series on R2A
medium, which resulted in a percentage of cultivable bacteria of
about 10% compared to total cell counts using a Thoma chamber
and was consistent with other studies describing a similarly low
percentage of cultivable bacteria from the phyllosphere of 0.1 to
10% (53, 54).

Identification of isolates (69 in total) by 16S rRNA gene ampli-
fication and sequencing using the universal primers 27F and
1492R (55) showed that the bacterial species belong to several
different phyla and classes (Table 1). Overall, the community
composition resembled those determined previously by cultiva-
tion-independent approaches, such as metagenomic analysis (1, 2,
4). Approximately half of the isolates were Proteobacteria, mostly
Alphaproteobacteria and several Beta- and Gammaproteobacteria.
The dominating genera of the Proteobacteria were Methylobacte-
rium (50%), Sphingomonas (30%), and Pseudomonas (15%). An-
other large fraction belonged to the Actinobacteria and included a
wide range of species. Additionally, some representatives of Bac-
teroidetes and Firmicutes were found. The isolated methylobacte-
ria were most closely related to Methylobacterium bullatum (13
isolates) and to Methylobacterium adhaesivum (3 isolates), with a
sequence identity of more than 99.5%. Isolates from the genus
Sphingomonas were also found to belong to different species, re-
flecting the phylogenetic diversity of the genus detected previously
by cultivation-independent approaches (1, 2, 4).

Isolation and identification of single bacteriochlorophyll-
expressing bacteria. Next, the possibility of isolating a specific

TABLE 1 Bacterial strains isolated from white clover leaf washesa

Phylum (% of
isolates) Class (subclass) Order (suborder) Family Genus

No. of
isolates

Proteobacteria (50) Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium 16
Sphingomonadales Sphingomonadaceae Sphingomonas 10

Betaproteobacteria Burkholderiales Comamonadaceae Variovorax 2
Oxalobacteraceae Duganella 1

Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 5
Xanthomonadales Xanthomonadaceae Xanthomonas 1

Firmicutes (3) Bacilli Bacillales Bacillaceae Bacillus 1
Paenibacillaceae Paenibacillus 1

Bacteroidetes (7) Sphingobacteria Sphingobacteriales Sphingobacteriaceae Pedobacter 2
Flavobacteria Flavobacteriales Flavobacteriaceae Flavobacterium 2

Chryseobacterium 1

Actinobacteria (40) Actinobacteria (Actinobacteridae) Actinomycetales (Micrococcineae) Microbacteriaceae Microbacterium 4
Plantibacter 4
Frigoribacterium 4
Curtobacterium 4
Rathayibacter 2
Labedella 1
Leifsonia/Agreia 1

Micrococcaceae Kocuria 2
Micrococcus 1
Rothia 1

Actinomycetales
(Corynebacterineae)

Nocardiaceae Rhodococcus 2
Williamsia 1

Corynebacteriaceae Corynebacterium 1
a Isolates were assigned to their closest related genus by 16S rRNA sequencing.
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subset of bacteria from environmental samples using FluidFM
was explored. To this end, bacteriochlorophyll-producing bacte-
ria were identified by their specific fluorescence in the IR range
(13, 56–58). Therefore, a custom-built filter set was used to detect
fluorescence above 850 nm during excitation with light of less
than 680 nm.

First, the fluorescence of bacteria known to express bacterio-
chlorophyll was assessed in the IR range. Among these were the
facultative anaerobic anoxygenic phototrophic bacterium Rhodo-
bacter sphaeroides DSM158 as well as the AAnP Methylobacterium
extorquens PA1. As expected, these bacteria showed emission in
the IR range, but other nonphototrophic bacteria, such as Esche-
richia coli DH5�, Bacillus subtilis BRB1, and Sphingomonas sp.
FR1, did not show detectable IR fluorescence.

Bacterial suspensions were washed from clover leaves to inves-
tigate the presence of bacteriochlorophyll-producing bacteria. A
small fraction (�13%) exhibited IR fluorescence, while the rest
appeared dark (Fig. 2), which is in line with previous microscopic
observations (5). Some clover plants were kept in the dark for 24 h
to determine if the bacteriochlorophyll expression decreased. Bac-
teria isolated from plants that were kept in the dark showed only a
slight reduction in the occurrence and intensity of fluorescence
(11.0% � 2.5% of the bacteria showed IR fluorescence when
plants were kept in the dark, compared to 13.2% � 2.9% of those
kept in the light; n � 500). Therefore, it was assumed that bacteria
washed from leaves would not lose their fluorescence during the
manipulation with FluidFM performed on the same day.

Subsequently, bacteria expressing bacteriochlorophyll were
isolated and identified by 16S rRNA gene amplification and se-
quencing as described above. Consistent with the results from the
random isolation experiments, 65% of the IR-fluorescent bacteria
(92 out of 142) grew. Of these 92, 87 isolates were identified as

belonging to the genus Methylobacterium (Fig. 3; also, see Fig. S2
in the supplemental material). Among these methylobacteria, 17
were nearly identical (�99.5%) to Methylobacterium komagatae, 6
to Methylobacterium mesophilicum, and 3 to Methylobacterium
marchantiae. A group of 10 isolates formed a subgroup whose
closest described relative was M. adhaesivum (98.5 to 99.5% se-
quence identity). The largest subgroup, consisting of 49 represen-
tatives, belonged to the recently described species M. bullatum
(59) (�99.5% sequence identity), and similar 16S rRNA genes
were previously identified from samples recovered from clover
and other plants (e.g., Clover 1a clone 2_A08 [2] and Methylobac-
terium sp. strain 85 isolated from an Arabidopsis thaliana leaf
[60]). While most Methylobacterium isolates were thus closely re-
lated to known species, isolate Q04 and R04 were more distantly
related to described strains, with the closest relative being M. or-
ganophilum (isolate Q04, 97.7% and isolate R04, 97.9% sequence
identity). While there are some more similar sequences (16 en-
tries) of uncultured bacteria in the NCBI database for isolate R04
(up to 99.8% sequence identity), the closest entry for isolate Q04
(uncultured bacterium clone 1-3E; GenBank accession no.
EU289432.1) demonstrates 97.9% sequence identity. The remain-
ing 5 isolates from the pool of 92 did not exhibit IR fluorescence
under different light regimens and in four different media. At-
tempts to amplify the pufLM and bchY genes by PCR with estab-
lished primer pairs (41, 43) were unsuccessful, so it remains un-
determined whether they possess divergent genes that could not
be amplified with established primers (and do not express bacte-
riochlorophyll on the growth media tested) or represent false pos-
itives (from 142 bacterial transfers).

All of the Methylobacterium isolates were validated as AAnPs
based on their IR fluorescence, and all of them were found to
produce bacteriochlorophyll on agar plates under at least one con-
dition (see below). In addition, validation was performed by am-
plification of the pufLM genes using a described primer set (41).
The PCR products of representatives of each subgroup were se-
quenced and used to generate a phylogenetic tree of the PufL
proteins (Fig. 4). All PufL sequences of the analyzed Methylobac-
terium isolates clustered together, with the PufL protein sequence
of R. sphaeroides being more distantly related to the Methylobac-
terium cluster. The phylogenetic tree of the Methylobacterium
PufL proteins appeared to be analogous to the tree generated from
the 16S rRNA genes. Isolates that were closely related according to
their 16S rRNA gene sequence also showed more similar PufL
proteins, suggesting divergent evolution of the latter.

Characterization of isolates. Bacteriochlorophyll production
in M. extorquens AM1 (formally Pseudomonas AM1) has been
shown to be dependent on culture conditions, including growth
substrate and light (61, 62). In order to test whether the Methylo-
bacterium strains isolated from the phyllosphere also show a de-
pendency on the growth medium for bacteriochlorophyll expres-
sion, representative Methylobacterium strains from each of the
identified subgroups were grown on different solidified media and
tested for IR fluorescence after growth during diurnal cycles at the
single-cell level. Isolates belonging to similar subgroups behaved
alike under similar conditions (Fig. 5). The closely related M. bul-
latum-like, M. marchantiae-like, and M. adhaesivum-like strains
showed pronounced differences in IR fluorescence on the differ-
ent media tested. IR fluorescence was very low or not detectable on
minimal medium supplemented with methanol or succinate and
much higher on R2A or minimal medium supplemented with

FIG 2 Bright-field (a) and infrared fluorescence (b) images of the same field of
clover leaf washes, showing several bacteriochlorophyll-producing bacteria fluo-
rescing while other bacteria exhibit no detectable fluorescence. Bar, 10 �m.
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FIG 3 Phylogenetic tree of partial 16S rRNA genes, including all 87 Methylobacterium isolates (red) compared to reference species from the NCBI GenBank
database. Highly similar subgroups (�99.5% sequence identity) were combined in a single node. The scale bar represents the difference in percent sequence
difference, and the likelihood of a branch is specified (gray numbers). A full version of the phylogenetic tree can be found in Fig. S2 in the supplemental material.
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propanediol, as measured by single-cell fluorescence. This effect
was most apparent for the M. bullatum-like isolates P01 and Q12.
Although these isolates strongly fluoresced on R2A, no fluores-
cence was detectable on methanol. In contrast, isolate Q04 showed
stronger fluorescence on minimal medium supplemented with
methanol than on R2A.

The differences in bacteriochlorophyll expression in the
Methylobacterium isolates suggested that the tested methylobacte-
ria regulate bacteriochlorophyll production in a manner that is
dependent on the growth conditions. We observed that upon a
switch to fresh medium of the same kind, bacteriochlorophyll was
regulated in some of the tested isolates. Isolate Q12 was chosen to
monitor this induction-or-repression phenomenon of bacterio-
chlorophyll production. To observe bacteriochlorophyll forma-
tion, individual bacteria were grown on R2A agar, and colony
development from a single bacterium was monitored by time-
lapse microscopy. As the bacterium divided, fluorescence weak-
ened, and no fluorescence was detectable after a few cell divisions
(Fig. 6a and b). This suggested that the bacteriochlorophyll was
diluted and that no new reaction centers were formed during ex-
ponential growth. Notably, after 3 days, when the colony reached
a diameter of about 100 �m, it became fluorescent again. Fluores-
cence further increased after 4 days (Fig. 6c and d), when the
density of the colony reached its maximum.

DISCUSSION

Microscopy is a crucial instrument in microbiology for inspecting
phenotypic differences. However, it is often underexploited in the
postgenomic era, and further improvements in the method are
required to link the physiology of bacteria with their identity at the
single cell level. The results presented here demonstrate that
FluidFM is a promising tool to facilitate single-cell isolation by
picking optically selected bacteria. FluidFM cantilevers are more
precise than micropipettes with regard to tip size and the volume
of pipetted liquid. Moreover, the bacterium stays at the aperture
of an FluidFM tip and is therefore optically tractable. In contrast
to FACS, optical microscopic control using micromanipulation is
possible, and weak fluorescence (such as that of BChl a) is suffi-
cient to identify cells of interest for single-cell isolation. While we
used FluidFM to isolate bacteria from leaf washes, it will be inter-
esting to explore whether the technology can be used to pick up
and place individual bacteria directly from the environment, such
as the leaf surface. We expect such an approach to be challenging
and to require the use of pyramidal tips (63), but with a modified
tip geometry.

In this work we isolated bacteria from leaf washes. Notably,
approximately two-thirds of the bacteria were cultivable, which is
a higher rate than that reported for other habitats, such as soil,
where the rate was 0.1 to 1% (64). A cultivation success rate of

FIG 4 Phylogenetic tree of partial PufL protein sequences of selected Methylobacterium isolates compared to reference strains from the NCBI GenBank database.
The most closely related species according to the 16S rRNA analysis is given in parentheses. The scale bar represents the difference in percent sequence difference,
and the likelihood of a branch is specified (gray numbers).
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two-thirds is, however, also higher than that obtained with a par-
allel determination of CFU, about 10% after dilution from the
same bacterial leaf wash suspensions, and that reported in other
studies regarding culturability of phyllosphere bacteria with 0.1 to
10% (e.g., references 53 and 54). The isolation of individual bac-
teria in this work may have helped to avoid antibiosis effects that
normally inhibit the success of isolation approaches from this en-
vironment during plate isolation. It will thus be interesting to
determine whether strains from other plant hosts can also be iso-
lated with a comparably high recovery rate and to perform sys-
tematic dilution-to-extinction cultivations with phyllosphere
bacteria. The high isolation rate from the samples analyzed in this
study resulted in a high congruence with respect to the identifica-
tion of bacterial genera and species and their relative population
sizes based on previous cultivation-independent analyses (1, 2, 4).
Overall, the isolation performed in this study indicates that most
bacteria from the phyllosphere are readily cultivable and that rep-
resentative strains can be obtained for targeted analysis, an aspect
that will be important for studying the physiology of the bacteria,
understanding their coexistence, and building representative syn-
thetic bacterial communities for model systems.

Our attempts to specifically isolate AAnPs from the phyllo-
sphere resulted in a collection of Methylobacterium spp. The iso-

lation of Methylobacterium spp. was not unexpected, since these
previously described AAnPs (61, 62) are known to occur in high
numbers in the phyllosphere (1, 2, 4, 65–68) and harbor genes for
a photosynthetic reaction center as well as genes for bacteriochlo-
rophyll biosynthesis based on completely genome-sequenced
strains of this genus (with the exception of the nonpigmented
nodulating root symbiont Methylobacterium nodulans) (69, 70).
However, the exclusive isolation of methylobacteria was not an-
ticipated, because the diversity observed at the genomic level by
metagenome studies suggested a higher diversity of pufM genes
than was expected to be derived solely from Methylobacterium
spp. (5). However, the phylogenic source of the pufM genes
should be considered with caution due to potential horizontal
gene transfer, as has been described previously (5, 71). A possible
explanation for the exclusive isolation of Methylobacterium spe-
cies could be that they were the only AAnPs that were active and
that produced reaction centers above the limit of detection under
the analyzed conditions. Notably, a previous study estimated that
approximately 50% of the bacteria on clover harbored the genes
for anoxygenic photosynthesis, but only 7% showed detectable
fluorescence in the IR range (5). Given that 13% of the bacteria in
the present study exhibited IR fluorescence and that 23% methy-
lobacteria were isolated upon random selection and isolation (Ta-

FIG 5 Heat map cluster analysis of the relative fluorescence intensity of Methylobacterium isolates grown on different solidified media after 3 days with a
day/night cycle. The closest related species according to the 16S rRNA analysis is indicated. M.e., M. extorquens.
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ble 1), these numbers do not contradict the possibility that all
fluorescent bacteria observed belonged to the genus Methylobac-
terium. They rather suggest that not all methylobacteria living in
the phyllosphere produce bacteriochlorophyll at detectable levels.
Our observation that the methylobacteria isolated from in planta
samples varied greatly with respect to bacteriochlorophyll pro-
duction levels supports this idea. Of the 16 Methylobacterium iso-
lates obtained by random selection, 13 were related to M. bullatum
and 3 were related to M. adhaesivum, indicating that these species
are dominant. However, isolation of AAnPs also frequently iden-
tified bacteria related to M. komagatae and M. mesophilicum. A
possible explanation is that these species produced high levels of
bacteriochlorophyll in planta, which is in line with the detection of
IR fluorescence on all tested media (Fig. 5), and that not all isolates
related to M. bullatum and M. adhaesivum produce sufficient
amounts of bacteriochlorophyll to be detectable in planta. Inter-
estingly, these isolates showed a higher dependency on bacterio-
chlorophyll production dependent on the growth medium. While
Sato et al. had already found that the formation of bacteriochlo-
rophyll of strain M. extorquens AM1 is dependent on the growth
substrate and day/night cycle (61, 62), the variability and strain
dependence in the bacteriochlorophyll production by different
strains observed here suggests that different Methylobacterium
strains have distinct regulatory cues to regulate bacteriochloro-
phyll expression as photoheterotrophs. Regulation of the photo-
synthetic trait has not yet been studied in Methylobacterium spp. at
the molecular level and it will be of particular interest to unravel

the regulatory mechanisms underlying the control of the bacteri-
ochlorophyll production in dependence of the nature and amount
of alternative carbon substrates and the role of a predicted bacte-
riophytochrome encoded in the genome of the model strain M.
extorquens PA1 (66, 69) and other Methylobacterium spp.

Dedicated work will also be required to understand the diver-
sity of Methylobacterium strains regarding their in situ physiology.
Gathering spatial information will be important, since different
species might occupy distinct microniches in the phyllosphere.
These sites might offer various exposures to light, for instance on
the upper and lower sides of leaves, and different levels of nutrient
availability, which is known to be heterogeneous (72, 73). In con-
sequence, the demand for supplementing energetic needs by pho-
tosynthesis might differ depending on available alternative carbon
substrates at different sites. In this context, it will also be of interest
to characterize the contribution of energy produced from light
under different environmental conditions, given the autotrophic
potential recently predicted by the genome-scale model of M. ex-
torquens (74). Moreover, the underlying regulatory mechanisms
triggering the apparent arrest in bacteriochlorophyll production
described for strain Q12 and its production after a higher density
of cells has been reached (Fig. 6) is of interest. The phenotypic
switch observed here upon transfer to fresh medium might de-
pend on repression of transcription of genes related to photosyn-
thesis when carbon sources become available after starvation
and/or quorum-sensing systems, which have been shown to exist
in Methylobacterium spp. (75–77).

FIG 6 Growth of a single bacterium from isolate Q12 on 1:10-diluted R2A agar. A plot of fluorescence intensity is shown for each time point (b and d), as
indicated by the dashed line in the corresponding bright-field images (a and c). As the cell divides from a single cell (a), the infrared fluorescence slowly fades and
is not detectable after 1 day (b). When the colony reaches its maximum size (c), the infrared fluorescence reappears after 3 days and becomes even stronger after
4 days (d). Bars, 5 �m (a) and 10 �m (c).
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In conclusion, the single-cell isolation approach using
FluidFM defined here revealed the presence of methylobacteria as
bacteriochlorophyll-expressing AAnPs in the clover phyllosphere
and a new facet of interspecies diversity within the genus Methy-
lobacterium. The study also demonstrated the power of using
FluidFM for single-cell isolation.
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